Results: Whereas 30 years ago rubella cases were seen only among children, the median (25-75th centiles) age of cases in 2014 was elevated to 32.0 (17.0-42.0) years among males and 27.0 (7.0-37.0) years among females. Susceptible pockets among male birth cohorts 1989-1993 and 1974-1978 were identified, with seropositive proportions of 70.0% and 68.0%, respectively. The majority of female age groups had greater seropositive proportions than the herd immunity threshold, with a minor susceptible pocket for those born from 1989 to 1993 (78.3% seropositive). The age-standardised seronegative proportion decreased to 18.3% (95% CI 16.8% to 19.8%) among males and 15.6% (95% CI 10.0% to 21.2%) among females in 2013, and the immune fraction was not sufficiently below the herd immunity threshold. While the number of live births born to susceptible mothers in 1983 was estimated at 171 876 across Japan, in 2013 it was reduced to 23 698.
Conclusions: An elevated age at rubella virus infection and the presence of susceptible pockets among adults were observed in Japan. Although, overall, the absolute number of rubella cases has steadily declined in Japan, the elevated age of rubella cases, along with increased numbers of susceptible adults, contributed to the observation of as many as 45 congenital rubella syndrome (CRS) cases, which calls for supplementary vaccination among susceptible adults. Assessing herd immunity is considered essential for routinely monitoring the risk of future rubella epidemics and CRS cases.
BACKGROUND
Although rubella is a vaccine-preventable disease, 1 2 Japan has yet to be successful in bringing this disease under full control. When rubella vaccination was introduced in 1976, Japan initially focused on women aged from 12 to 15 years as vaccinees, aiming to individually protect women who were at risk of having a fetus with congenital rubella infection, which may lead to congenital rubella syndrome (CRS). 3 4 In 1995, the vaccination policy shifted, targeting both genders aged from 12 to 90 months (typically from 12 to 36 months) to elevate and maintain herd immunity. Although Japan is considered to be on its way to establishing sufficient herd immunity through vaccination, the country has recently experienced two major rubella epidemics, in 2004 and 2012-2014, involving 4248 and 12 614 reported rubella cases, respectively, and yielding 45 CRS cases in the most recent epidemic. 5 6 Despite the implementation of supplementary vaccination after the 2004 epidemic, which was conducted among women of childbearing age as well as among their family members, the most recent epidemic was not prevented and involved a large number of adult cases. 7 8 Strengths and limitations of this study ▪ This study consists of an explicit assessment of herd immunity using multitudes of data sets, including seroepidemiological survey data. ▪ It contains an analysis of epidemiological data over a long time period, which enables us to capture the elevated age at rubella infection and identify susceptible pockets of the population. ▪ It uses epidemiological metrics that measure the standardised seronegative proportion of the entire population as well as among pregnant women. ▪ Only a retrospective analysis was conducted, and an optimal vaccination policy has yet to be explored.
The age at infection with rubella virus is elevated by vaccination, but if the vaccination coverage is insufficient to prevent major epidemics, the insufficient vaccination programme could be responsible for a tragic increase in the number of CRS cases due to an increased risk of infection among pregnant women. 9 Thus, once a country decides to aim to eliminate rubella, it is critical to ensure a high level of population immunity, among males and females. 10 The potential consequence of the 1995 change in the Japanese vaccination policy may be that different birth cohorts have different levels of immunity against rubella. 5 11 In fact, there were two notable characteristics of the rubella cases from the 2012 to 2014 epidemic: (1) 72% of the cases were adults 7 and (2) the cases were concentrated in males aged 20-39 years (68%). 10 An explicit assessment of the herd immunity is crucial for planning future ways to control the spread of this disease. [12] [13] [14] [15] [16] [17] [18] The present study aimed to statistically analyse the transmission dynamics of rubella in Japan, with a particular emphasis on the most recent major epidemic from 2012 to 2014, and to assess the population level immunity over age and time.
METHODS

Epidemiological data
To elucidate the epidemiological dynamics of rubella in Japan, we analysed three pieces of information: (1) reported cases of rubella and CRS, (2) seroepidemiological data and (3) vaccination coverage. The seroepidemiological data and vaccination coverage were investigated to assess herd immunity. 12 19 20 The rubella and CRS data rest on the reporting of cases to the National Epidemiological Surveillance for Infectious Diseases (NESID), which were collected according to the Communicable Disease Prevention Law until 1998 and according to the Infectious Diseases Control Law thereafter. 5 6 From 1982 to 2007, a sentinel surveillance of rubella cases was conducted, which received notifications from approximately 3000 sentinel paediatric clinics. 10 Reporting of CRS cases first started in 1999; in 2008, a revision was made to the surveillance, requiring all diagnosed rubella and CRS cases to be reported. 4 10 The seroepidemiological data were derived from the National Epidemiological Surveillance of VaccinePreventable Diseases (NESVPD). 21 This serial crosssectional serological survey, quantifying haemagglutination inhibition (HI) titres, has been implemented every year from July to September, non-randomly selecting the geographical area from which it draws its participants. The serum was collected by region from >5400 participants of all ages, recruiting participants from those who visited a prefectural medical facility or public health centre. 22 The present study takes into consideration the survey data from every 5 years since 1983 to investigate the longitudinal trend of age at rubella infection, standardised seronegative proportion, and the number of live births that were born to seronegative mothers and considered to be at risk of CRS.
The vaccination coverage data were retrieved from the immunisation records of the Ministry of Health, Labour and Welfare. 23 Vaccination coverage was calculated as the ratio of the annual number of vaccinations to the population size of an age-group that newly entered the participant age-group of vaccination, and this was overlaid with data from the reported rubella cases.
Statistical analysis
Time-dependent and age-dependent epidemiological dynamics of confirmed rubella cases from 1982 to 2014 were examined along with the changes in the vaccination coverage over this time period. Additionally, the reported rubella and CRS cases from 2012 to 2014 were examined to understand the comparative magnitude of the recent epidemic. The age and gender specificity of the recent epidemic were also examined.
Using serial cross-sectional seroepidemiological survey data from 2003, 2008 , and 2013, the distributions of HI titre by age and gender were examined. Owing to the small sample size for each age, discrete age grouping was carried out over every 5 years. For this reason, the seroprevalence was compared by age and time as well as by birth year cohort. Seroconversion, following the convention in Japan (corresponding to results of ≥7.3 IU/ mL from ELISA), was defined as an HI titre ≥32. 24 The basic reproduction number, R 0 , acknowledged as the average number of secondary cases generated by a single primary case, was estimated at 6.1 for rubella using an age-structured realistic model. 25 The herd immunity threshold against rubella was calculated by 1 −(1/R 0 ), and came to 83.6%. 25 While we set the baseline levels of seropositivity and herd immunity by using the threshold described above, a sensitivity analysis was carried out using alternative values, that is, a conventionally accepted cut-off value of HI titre ≥8 and a seroprevalence of 94.0%, as adopted elsewhere. 26 27 Adhering to published studies on herd immunity assessment, we also analysed the true prevalence with the assumption that the sensitivity and specificity of the serological testing were each 97%. 26 27 The time-dependent elevation of age at rubella infection was examined using the reported case data. The age distribution of reported cases from 1982 to 2014 was analysed. A χ 2 trend test was implemented to detect if there was an elevation in the age at infection from 1982 to 2014.
Evaluation metrics
To assess herd immunity at the population level, we employed two evaluation metrics. These metrics focused on the seroprevalence data (and did not use vaccination coverage) because a substantial fraction of immune individuals, especially adults, acquired their immunity through a natural infection rather than through vaccination. First, we calculated the age-standardised seroprevalence, m 1,g (t), at calendar time t and in gender g (g=0 for females or 1 for males), as
where p a,g (t) is the observed seropositive proportion and n a,g (t) is the relative population size at time t and gender g of those aged a years. This metric is interpreted as the age-standardised seronegative proportion. The data for n a were obtained from the Statistics Bureau of the Ministry of Internal Affairs and Communications (MIAC). 28 Second, to assess the risk of CRS in relation to herd immunity, the absolute number of live births at risk of developing CRS was calculated in relation to time using the age-specific annual number of live births, b a (t), and the age-specific seronegative proportion in the corresponding age-group:
where a L and a U represent the lower and upper childbearing ages of mothers, respectively.
All the data that we used were secondary in nature, and all individuals were de-identified in advance of the study. 29 For this reason, the present study was exempted from requiring ethical approval by the Institutional Review Board.
Data sharing policy
The summary of secondary data sets that were analysed in the present study can be shared by the corresponding author on request. Figure 1A shows the reported rubella cases and the vaccination coverage from 1982 to 2014. Damped oscillation was observed for decades, and the magnitude of the most recent epidemic from 2012 to 2014 appeared to be smaller than those in the 1980s and 1990s. The absolute number of confirmed cases during the major epidemics was: 410 786 in 1987; 223 758 in 1992; 47 599 in 1997; 4248 in 2004; and 10 675 in 2013. Whereas the vaccination coverage in the 1980s was around 70%, the coverage under the routine immunisation programme that began in 1995 to raise herd immunity has been maintained well above 90%. During the most recent epidemic from 2012 to 2014 (figure 1B), there were 12 614 confirmed rubella cases and 45 reported CRS cases. The peak in CRS cases took place in the second week of 2014 with n=4 reported CRS events, which was 33 weeks after the peak of the reported rubella cases in the 21st week of 2013. The time-lag of 33 weeks is consistent with our conventional understanding that the exposure leading to CRS occurs during the first trimester of pregnancy.
RESULTS
The figure 1C, D) . In the 2012-2014 epidemic, 77% of the cases were male.
Overall, the seropositive proportion among adults increased over time from 2003 to 2013, except for those aged 20-24 and 45-49 years among males, and 20-29, 35-39 and 50-54 years among females (figure 2). In 2013, the seropositive proportion among males was mostly below the prespecified herd immunity threshold, with the lowest values of 68% and 70% among those aged 35-39 and 20-24 years, respectively (figure 2A). Among females (figure 2B), the seroprevalence in the majority of the age groups was greater than the herd immunity threshold in 2013, but in those aged 20-24 years, the seropositive proportion was only 78.3%. Notable susceptible pockets were identified by graphing the seroprevalence by birth years, which found cohorts born from 1974 to 1978 and 1989 to 1993 at low seroprevalence levels (figure 2C). A minor susceptible pocket in those born from 1989 to 1993 was observed in the female population ( figure 2D ). If we adopt 94% as the herd immunity threshold, all age groups of both sexes are considered to be susceptible to a rubella epidemic. Although the qualitative age-dependent patterns were not drastically different from those shown in figure 2 when we adopted HI≥8 as the cut-off value (see online supplementary figure S1A-D), having 94% to be considered as the herd immunity threshold, the susceptible pocket among adult males widens, leading those aged 30-34 years to be vulnerable in 2013. Additionally, when we adopted the cut-off value of HI≥8 along with a 94% herd immunity threshold for the birth year cohort, only the adult male population of those born later than 1979-1983, or all males aged 30 years or older in 2013, appeared to be vulnerable (see online supplementary figure S1A,C). If we adopted 83.6% as the threshold with cut-off value of HI≥8, the male adult population, except for those aged 35-39 and 45-49 years, was considered as substantially immune in 2013, while seroprevalence among adult females predominantly appeared to be above the threshold. Even when we accounted for the sensitivity and specificity of serological testing, the findings were similar to those directly obtained from the observed seroprevalence data (see online supplementary figure S2A-D) .
The time series of ages for cases from 1982 to 2014 is shown by gender in figure 3 . In 1982, the median (and IQR) age of reported cases was 7 (2.5-7.0) years, among both, males (figure 3A) and females (figure 3B). The median (25-75th centiles) age in 2014 was elevated to 32.0 (17.0-42.0) years among males and 27.0 (7.0-37.0) years among females. From 1982 to 2014, there was a significant time-dependent increase in the age at infection among males and females ( p≤0.001), although mandatory reporting of all rubella cases only started in 2008 and cases thereafter might be of older age than before reporting was required by law. Nevertheless, even restricting ourselves to the time from 2008 to 2014, the trend test also indicates a significant time-dependent increase in the age at rubella infection among males (p≤0.01). However, the increase in age at infection among females failed to reach statistical significance ( p=0.06).
To allow an explicit comparison between the herd immunity threshold and the observed representative value of the seropositive fraction, the age-standardised seronegative proportion, m 1 , was calculated as a function of time from 1983 to 2013 (figure 4A). The results show that the estimate of m 1 steadily dropped in males and females from 1983 to 2013 (figure 4A). While the seronegative proportions in 1983 were 45.7% (95% CI 32.5% to 58.9%) and 35.6% (95% CI 31.2% to 40.0%) among males and females, respectively, the proportions decreased in 2013 to 18.3% (95% CI 16.8% to 19.8%) and 15.6% (95% CI 10.0% to 21.2%), respectively. When the seropositive proportion was compared against the theoretical herd immunity seropositive threshold calculated using R 0 =6.1 (83.6%), the estimate among males was still below the herd immunity threshold, and that among females was only slightly above the threshold value. Figure 4B shows the number of live births at risk for CRS from 1983 to 2013. The number of susceptible live births in 1983 was calculated as 171 875, which was reduced to 23 697 in 2013. The slope of the decline in figure 4B was sharper than that among females in figure 4A because the decrease in figure 4B reflects the immunised fraction as well as the trend in the decline of the absolute number of births per year.
DISCUSSION
The present study assessed the herd immunity against rubella in Japan, characterising the special epidemiological features that led Japan to experience the 2012-2014 rubella epidemic. We identified susceptible pockets, especially among adult male cohorts, which were an important factor that helped the epidemic to take off. There has been an elevation in the average age at infection, making rubella control more difficult. Although the absolute number of rubella cases was smaller in the 2012-2014 rubella epidemic than in earlier epidemics (figure 1A), the occurrence of this epidemic was fuelled by insufficient herd immunity. The unfortunate tragedy that was identified in Greece in the 1990s 9 has been repeatedly experienced by present day Japan. While a recently published study focused on estimating the impact on the age-specific rubella seroprevalence of the most recent epidemic in Japan from 2012 to 2014, 24 the present study has comprehensively assessed the herd immunity in Japan through the analysis of longitudinal seroepidemiological data, which allowed us to compare between the age-standardised seropositive proportion and the theoretical herd immunity threshold, and, moreover, an elevated age at infection over time was confirmed based on an analysis of reported case data.
Mass vaccination lessens the force of infection and may lead to an elevated age at infection; therefore, it is essential to attain sufficient vaccination coverage to achieve herd immunity, in order to prevent complications, such as infections among pregnant women. 30 31 In addition to the elevated age of rubella cases, the present study has shown that Japan has unvaccinated cohorts that were effectively left susceptible until their 30s and 40s, perhaps contributing to an increased opportunity for women of childbearing age to be infected. The epidemic in Japan has indicated that a major rubella epidemic can occur with adult patients making up the majority of cases. Given the limited immunising effect of the 2012-2014 epidemic, 24 our findings call for a supplementary vaccination among those remaining susceptible.
Considering these findings, an important conclusion from the present study is that public health policymakers must make sure that susceptible pockets are not left when switching the vaccination policy from an individual-centred prevention programme to one aiming to achieve herd immunity or when introducing a new mass vaccination programme. Seroepidemiological studies can help to monitor susceptible fractions over time and age, so that susceptible pockets will not remain in the population. Identifying susceptible groups and optimising prioritised birth cohorts will be the subject of our future study.
A few limitations of this study should be noted. First, we adopted 1:8 and 1:32 HI titres to define the seropositive cases, but employing these cut-off values might not accurately capture all of the susceptible individuals. To minimise the effect of this limitation, we have implemented sensitivity analyses using two different cut-off values and two different herd immunity threshold levels. Second, we did not explore any geospatial dynamics, Figure 4 Time dependence in the standardised rubella-seronegative proportion and the number of live births at risk for congenital rubella syndrome (CRS) in Japan, 1983-2013. (A) The standardised proportion of the population that was seronegative was analysed by sex every 5 years from 1983. The solid line with filled circles shows the male seronegative proportion (≥32), and the dotted line with unfilled circles represents the female seronegative proportion (≥32). Values were adjusted using the age-specific and gender-specific population sizes. 25 The error bars show the 95% CIs derived from a normal approximation to binomial. Samples with haemagglutination inhibition titres ≥8 or ≥32 were considered to be seroconverted. The horizontal bold and dotted grey lines indicate the herd immunity thresholds of 83.6% and 94%, respectively, 26 27 which were calculated by 1−(1/basic reproduction number). Therefore, a major epidemic should be prevented below this line. (B) The number of live births at risk for developing CRS. The number of live births at risk was calculated from 1983 to 2013; the age-specific annual number of live births was multiplied to the age-specific seronegative proportion in the corresponding age-group and the product was summed over age to yield a standardised proportion. Since the statistics for the number of live births by age of mothers were not available for every corresponding year, the data from the closest year available were taken into account. 26 Owing to the nature of the calculation, the estimates reflect both the decreasing proportion of women at childbearing age who were seronegative for rubella as well as the decreasing number of babies delivered over time. The error bar represents the 95% CIs derived from a normal approximation to binomial.
although the major rubella epidemics mostly occurred in urban settings. 32 The spatiotemporal analysis of rubella epidemics is one of our ongoing research subjects. Third, our analysis of age at infection among reported cases was biased by the selection of sentinel medical facilities and, thus, the estimated ages might be biased, especially those prior to 2008. Nevertheless, the elevation of age at infection among the male population was observed even when we focused on the years from 2008 onward.
In conclusion, the present study comprehensively demonstrated an elevated age at infection with rubella and the presence of susceptible pockets, especially among adult males, as two important factors that have characterised the rubella epidemic in Japan from 2012 to 2014. Even though the large epidemic might be over, it is important to remember that this population remains vulnerable to rubella infection and could lead to further CRS cases unless supplementary vaccination is conducted.
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